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There has been an increased focus on the integration of practices into physics curricula, with
a particular emphasis on integrating computation into the undergraduate curriculum of scientists
and engineers. In this paper, we present a university-level, introductory physics course for science
and engineering majors at Michigan State University (MSU) called P3 (Projects and Practices in
Physics) that is centered around providing introductory physics students with the opportunity to
appropriate various science and engineering practices. The P3 design integrates computation with
analytical problem solving and is built upon a curriculum foundation of problem-based learning, the
principles of constructive alignment and the theoretical framework of community of practice. The
design includes an innovative approach to computational physics instruction, instructional scaffolds,
and a unique approach to assessment that enables instructors to guide students in the development
of the practices of a physicist. We present the very positive student related outcomes of the design
gathered via attitudinal and conceptual inventories and research interviews of students’ reflecting
on their experiences in the P3 classroom.
I. INTRODUCTION
The appropriation of scientific practices has become
a focus of learning goals both in the K-12 and under-
graduate arena. In 2012, the National Research Coun-
cil released “A Framework for K-12 Science Education:
Practices, Crosscutting Concepts, and Core Ideas” (The
Framework),1 which highlighted science practice as an
important focus for STEM education. Although an in-
troductory college science course is a significantly differ-
ent context than the target audience of the K-12 com-
munity, it has been argued that the framework can and
should be applied to introductory science courses.2 The
Framework discusses eight science and engineering prac-
tices that are critical for future science curricula.1 Two
critical practices – “developing and using models” and
“using mathematics and computational thinking” – are
essential to physics instruction as they relate to compu-
tational modeling – the “third leg” of modern science and
engineering.3,4
Modern scientists increasingly rely on computational
modeling (the use of a computer to numerically solve,
simulate, visualize, and explain physical phenomenon)
to explore and to understand the natural world; how-
ever, computational modeling is largely ignored in most
introductory college physics courses. As computers have
become more powerful, 21st century scientists can model
complex physical systems in ways that were impossible a
decade ago. For example, scientists model complex sys-
tems to gain insight into that system’s properties (e.g.,
understanding recurrence in turbulent flows5), simulate
impossible experiments numerically (e.g., predicting the
dynamics of galactic mergers6); and reduce mountain-
ous experimental data to a sensible size (e.g., extracting
significant events from elementary particle collisions7).
Yet, as computer usage has grown amongst both fac-
ulty and students, most introductory STEM courses have
failed to introduce students to computation’s problem-
solving powers. While some attempts have been made
to incorporate computational modeling into introductory
STEM courses (e.g., in physics8–11), evidence-based in-
structional design and practice have not yet been incor-
porated. So, while we know computational modeling is
the tool of 21st century science and engineering, we have
little evidence for how to teach it well.
In this paper, we discuss a university-level, introduc-
tory physics course for science and engineering majors
at Michigan State University (MSU) called P3 (Projects
and Practices in Physics) that is centered around provid-
ing introductory physics students with the opportunity
to appropriate various science and engineering practices,
with a particular focus on computational modeling. In
Sec. II, we provide the design principles of P3 including
how we leveraged constructive alignment12 in our design.
II. MOTIVATION & PHILOSOPHY
P3 was designed using the principle of constructive
alignment,12 which argues that designers focus on the
learning goals of the learning environment first, and
then reverse engineer the assessment and instruction to
align with the identified learning goals. Based on the
arguments presented in The Framework,1 we decided
that the P3 learning environment should emphasize sci-
ence practice with a particular focus on computational
modeling. Drawing from the recommendations from
the literature,13,14 we selected an instructional model
that emphasized self-directed group learning, which po-
sitioned the instructional staff as facilitators of learning.
To ensure the alignment of the instructional approach,
instruction on computational modeling also had to em-
phasize self-directed learning. The P3 appraoch to com-
putational instruction makes use of a non-traditional per-
spective, which will be outlined in the section on “min-
imally working programs”.15–18 It is important to em-
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2phasize that it is not our intention that students become
fluent in a computational language (in the case of P3 :
python). Instead, P3 is an opportunity to introduce stu-
dents to the utility of computational modeling and some
basic programming structures such as iterative loops.11
However, we recognize computational modeling is an
important practice for students to engage in prepara-
tion for their future career. Part of our motivation for
providing students with the opportunity to participate
in computational modeling is that it is a central prac-
tice for both the science and engineering communities
that our student population in P3 are on a trajectory
to join. The term “central practice” is derived from the
communities of practice framework19 that argues that a
student will develop an identity in a discipline by en-
gaging in central practices of that discipline while being
guided by central members of that discipline.20–22 P3 is
an introductory calculus-based mechanics course at MSU
for students whose majors tend to be focused in science
and engineering. Research has demonstrated that en-
gaging in more central practices of a physics community
like undergraduate research can help students identify
themselves as physicists.23,24 In turn, developing an iden-
tity in a particular discipline can help students to per-
sist with said chosen discipline.25 However, undergradu-
ate research and, in turn, the opportunity to engage in
the authentic central practices of science and engineer-
ing communities are challenging to provide equally to all
students at the introductory level. Despite this difficulty,
the P3 design aims to engage students in more authentic
practices of science and engineering by encouraging stu-
dents to feel a bit more central in their science and en-
gineering communities. Therefore, our design is focused
on the appropriation of what we refer to as “pathway
practices,” which are base practices ubiquitous to both
science and engineering communities that provide a foun-
dation for future central practices. For example, we have
designed P3 so that it is focused on developing students’
ability to work successfully in a group. This pathway
practice forms the basis for central practices in science
and engineering such as collaborating on multi-faceted
research experiments and/or working as part of a design
team. For a full list of the practices incorporated into
our design, please refer to Sec. ??.
The instructional model that we present in this pa-
per has many moving parts, which were decided on due
to both contextual constraints of our institution and our
chosen emphasis on particular learning goals. Full adop-
tion of this design might be challenging in different con-
texts, but by outlining the constituent parts and the deci-
sions behind their design and inclusion, we aim to afford
the opportunity for the adoption of parts of this design.
We are presenting a model for courses that wish to em-
phasize science practice.
III. PROJECTS & PRACTICES IN PHYSICS
Like many universities, the traditional, introductory
mechanics curriculum at MSU follows a historical canon
of topics, which limits students’ experiences to 17th and
18th century physics. The organization of the stan-
dard curriculum fails to emphasize the interconnected-
ness and ubiquitous nature of fundamental physical prin-
ciples (e.g., conservation of momentum and energy), and,
instead, emphasizes the use of laundry lists of special
case formulas – contrary to the integrated nature of sci-
ence and the arguments presented by The Framework.1
P3 is a transformed, introductory, calculus-based me-
chanics course for science and engineering majors that
is grounded in evidence-based pedagogy (including peer
discussion and conceptual & reasoning-focused home-
work) and is built on Matter & Interactions (M&I), a
fully-developed, extensively-tested, introductory physics
curriculum.26–28 While M&I was designed and devel-
oped before The Framework, the M&I curriculum and
thus, P3 , emphasizes a number of the critical aspects
of The Framework. For example, P3 is organized around
core fundamental principles (conservation of momentum,
energy, and angular momentum) meant to emphasize
a first-principles approach to problem-solving,29 which
are akin to Core Ideas in The Framework. Addition-
ally, P3 places an emphasis on modeling and model
building by presenting microscopic models to help stu-
dents explain macroscopic phenomenon,30 and introduc-
ing modern problem-solving tools (i.e., computational
modeling),11 which represent a commitment to Cross-
Cutting Concepts and Science and Engineering Prac-
tices respectively. The self-directed group nature of the
P3 learning environment provides an opportunity to em-
phasize a number of these science practices. For our de-
sign, we have chosen to anchor the course and to build
opportunities for learning around “modeling,” which we
describe below.
IV. THE P3 APPROACH TO MODELING
The P3 course engages students in modeling real-world
situations using a group-oriented pedagogy – emphasiz-
ing critical aspects of professional science and engineering
practice.
Because the separation of lecture sections and lab
courses is a larger contextual issue at MSU, students
cannot work with laboratory equipment or conduct ex-
periments in a lecture section. Hence, students experi-
ence with modeling in the P3 course makes use of com-
plex, real-world problems for which they develop ana-
lytical and computational solutions. Typically students
will solve one of these complex, real-world problems in
each two-hour class meeting (twice per week). Of the
roughly 30 such problems, 7 are computational model-
ing problems (described in Sec. VI). Students negotiate
their approach and solutions in groups of 4, which was a
3deliberate decision in order to provide students with the
opportunity to learn about group dynamics. These dis-
cussions are minimally facilitated by course staff (faculty,
graduate teaching assistants, and undergraduate learn-
ing assistants who are collectively called “tutors”); we
push students to answer each others’ questions and build
their complete understanding of the solution together.
Once students develop a solution to the problem, they
present it to their tutor. We probe students more deeply
about their solutions using tutoring questions that facil-
itate student understanding of the conceptual underpin-
nings of the problem.
A. Modeling FrameworkModeling Cycle (PCubed)
Model World
Design System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Outcomes
Creating
PredictingValidating
w/ PERL
FIG. 1. Modeling Framework for Projects and Practices in
Physics around which student engagement is organized.
Students are guided in their modeling work through
their use of the Modeling Framework (Fig. 1), which was
developed by consulting the literature on modeling31–34,
discussing the development team’s experience with fun-
damental physics research, and considering the larger
contextual limitations of MSU’s introductory physics
program (i.e., the divorce of lecture and lab). Students
begin their work by considering a Real World situation
– this is the complex, real world problem that is posed
to their group. From this problem statement, students
must create a Model World34 in which they will develop
their model of the system. Here, students must provide
an explicit articulation of the assumptions and approxi-
mations they are making while they attempt to represent
different aspects of the problem (Design System & Gen-
erate Representation).
Arguably, much of the discussion and negotiation pro-
cess within the group occurs here while students (itera-
tively) design and represent their system in increasingly
finer scales until they are confident that they can gener-
ate a prediction (or explanation). Throughout this pro-
cess, tutors facilitate student work by addressing group
concerns, by helping groups construct their understand-
ing through discussion among group members, and, if
needed, by asking leading questions and tutoring groups
on concepts. Once their model is clearly articulated, stu-
dents use their representations (graphs, equations, dia-
grams) to predict any Outcomes. Finally, those Out-
comes are validated against Real World results, which
may be data, other predictions, or expectations from
their own experience in the world. Through this pro-
cess, students are developing a solution to the problem,
not simply finding an answer. Their solution consists of
the work through their entire Modeling process, which is
discussed with course staff once students feel they have
sufficiently completed a problem. By focusing on a so-
lution and the modeling process, our design intends to
make the activities authentic.
V. P3 LEARNING GOALS
While modeling is the framework that supports stu-
dents’ activities, in keeping with the principle of con-
structive alignment,12 the particulars of the course were
developed from the learning goals. P3 uses a number
of learning goals to direct pedagogy. These goals have
been generated from two broad categories of focus: the
practices we expect students to engage in and the con-
tent we hold them responsible for. Within each of these
two broad categories the focus leans towards two sub-
categories: the fundamental physics principles and the
computational implementation of those principles.
A. Practices
A selection of the scientific practices inspired by The
Framework1 for which we have developed learning goals
are enumerated below in no particular order:
P1. developing and using models,
P2. planning and carrying out investigations,
P3. analyzing and interpreting data,
P4. constructing explanations,
P5. and engaging in argument from evidence.
These scientific practices were used to inform not only the
shared learning goals but also the materials (i.e., projects,
exams, homework) we use to achieve those goals.
Developing and using models (P1) is one of the scien-
tific practices used heavily on both analytic and computa-
tional problems. Whether their models be mathematical
or computational, we expect students to work together
in groups to develop the model and to utilize that model
in further investigations. As an example, P1 was used to
develop learning goals such as analyze and evaluate data
to explain the motion of objects and the responsible inter-
actions as well as evaluate the applicability/limitations of
models and the validity of predictions for different types
of motion. This type of scientific practice (P1) and the
associated learning goals were further used to generate
the type of in-class project explicated in Sec. VI.
4B. Content
Within the broad content goals of P3 are many ideas
that we expect students to grapple with both individ-
ually and within their group. A selection of the previ-
ously mentioned sub-categories that we focus on are enu-
merated below. The first set focus on the fundamental
physics principles, which are akin to Core Ideas from The
Framework:
F1. macroscopic phenomena are the result of atomic
interactions,
F2. forces external to a system can change the system’s
momentum,
F3. work done on or by a system and heat exchanged
with the system’s surroundings can change the sys-
tem’s energy, and
F4. torques external to a system can change the sys-
tem’s angular momentum.
The second set focus on the computational implementa-
tion of those principles, which takes full advantage of the
power of computation:
C1. computation can be used to predict the otherwise
intractable dynamics of real-world phenomena, and
C2. computation can be used to generate dynamic and
graphic representations of real-world phenomena.
Each of these sub-categories of focus were used to inform
the shared learning goals and materials used in P3 .
For example, one learning goal that is presented to
students and emphasizes F2 is: apply the momentum
principle (∆~p = ~Fnet∆t; d~p = ~Fnetdt) analytically to
predict the motion or determine the properties of mo-
tion/net force acting on a single-particle system where
the net force is a constant vector (e.g., due to the near
Earth gravitational force). This goal focuses on the appli-
cation of a fundamental physics principle (the Momentum
Principle, ~pf = ~pi+ ~Fnetdt) in order for students to better
understand the relationship between dynamics and mo-
tion. This type of reasoning is used extensively in parts A
and B of the type of in-class project described in Sec. VI.
The computational implementation of the learning
goal presented above focuses on C1: apply the mo-
mentum principle (∆~p = ~Fnet∆t; d~p = ~Fnetdt) itera-
tively/computationally to predict the motion or determine
the properties of motion/net force acting on a single-
particle system where the net force is not constant (e.g.,
due to spring-like restoring forces or dissipative drag
forces). This goal also focuses on the application of
the Momentum Principle, yet takes full advantage of the
computational power afforded to the students. The gen-
eralizable nature of computational methods shows up in
part C of the in-class project described in Sec. VI where
students include a velocity-dependent drag force.
Project 2: Part A
You are a member of a scientific research team at McMurdo ice station which is 
funded by the Carver Media Group in Antarctica.
Two members of your research team have recently returned from investigating 
an incident at a Norwegian research facility. They brought with them a burnt 
humanoid body with two faces. Since the disturbing discovery several inhabitants 
of the ice station have disappeared. Frightened, a member of your team decided 
to flee the station on a fan powered hovercraft but you receive a distress call not 
long after their escape that their steering and acceleration controls have been 
jammed and they need your help.
You decide to attempt a rescue in another hovercraft. You must decide how 
many members of your team help in the rescue operation. The hovercrafts do 
not have a velocity or acceleration gauge but they do have GPS locators and 
you possess your trusty stop watch. The GPS locator tells you the exact position 
of both your craft and other team members craft relative to the ice station. You 
are following their path. You collect the following data for the first 20 seconds of 
your journey.
You need to tell the runaway researcher the exact time from your starting time 
to jump onto your hovercraft as you may only have one shot at this rescue.
Time              Team's Position                   Your Position
0 s                 2536.40 m                            10.47 m
10 s               3072.80 m                            41.88 m
20 s               3609.20 m                            94.22 m
FIG. 2. The first part of a project where students are asked
to model the motion of an object given position vs time data.
VI. EXAMPLE PROJECT
In order to best illustrate the scientific practices stu-
dents engage with in P3 , we present a typical problem
that requires both analytical and computational tech-
niques over the course of a week (two in-class meetings
of two hours each). During the second week of class,
students are learning how to predict the motion of point
particle systems using Newton’s Second Law (the Mo-
mentum Principle, ~pf = ~pi + ~Fnetdt) in a project called
Escape from Ice Station McMurdo.
In the first part of this three-part problem (Fig. 2),
students work with position vs time data to model ana-
lytically the motion of two hovercrafts as they race across
an ice field – determining the net force from this data and
using appropriate models (constant velocity vs constant
force) to predict when the hovercrafts will be at the same
location. In the second part of Escape from McMurdo
(Fig. 3), students find that the controls of both hover-
crafts are frozen and they are heading towards a cliff.
They must determine which hovercraft to board in or-
der to survive the fall (there’s a salty unfrozen pool at
a specific distance from the bottom of the cliff). The
generality and ubiquity of the Momentum Principle is
highlighted in the third part of Escape from McMurdo
(Fig. 4) where the students computationally model the
motion of the hovercrafts including air drag.
As written above, the Momentum Principle can be
used iteratively (through Euler-Cromer integration) to
5Project 2: Part B
Just as you are about to radio the time to jump to the runaway researcher, you 
realize the steering and acceleration controls have become frozen on your 
hovercraft and so it continues to accelerate and you cannot change direction. 
200m ahead of the point at which you were going to tell the researcher to jump 
is an ice ravine. At the bottom of the ice ravine, 400m below, is an unfrozen salt 
water pool surrounded by stalagmites. From the ravine's edge to the pool is 
490m and the pool stretches for 900m. You are moving too quickly to survive 
jumping off the hovercraft, but might survive the fall into the pool by staying on 
the hovercraft; it has seat belts. You now have a choice to make, to stay on your 
hovercraft or jump to the runaway researcher's hovercraft. One or both may 
make it to the pool. Your choice may be the difference between life and death.
FIG. 3. The second part of a project where students are asked
to model the motion of an object under free-fall conditions.
Project 2: Part C
Surprisingly enough hovercrafts are an expensive piece of kit. Your employer, 
the Carver Media Group, is concerned by the happenings at the McMurdo ice 
station and would like you to produce an accident report detailing the events 
after you lost control of your hovercraft. The accident report should include a 
detailed computational model that provides the projected motion of the 
runaway hovercraft.
Code for Project 2: Part C
Keep them in the same directory.
       Project 2 Code (hovercraft.py)
       PhysUtil Module
FIG. 4. The third part of a project where students are asked
to model the motion of an object computationally.
predict the motion of most systems accurately.35 It turns
out both hovercrafts will land safely when modeled with-
out air drag, but students are told that one hovercraft
crashes (it lands short). They must file an accident re-
port, which includes a simulation of the accident, to ex-
plain how the accident occurred.
VII. LEARNING SCAFFOLDS
These weekly projects (Figs. 2–4) are multifaceted and
complex. Hence, a number of different learning scaffolds
have had to be developed and put into place to sup-
port student learning. These scaffolds are meant to sup-
port the students in not only the physics concepts they
must use, but also in the scientific practices that they
must engage in. Below, we expound on four such learn-
ing scaffolds, which support students’ modeling prac-
tices (Sec. VII A) and their acquisition of course content
(Sec. VII B).
FIG. 5. An example of a white board with a completed four
quadrants
A. Modeling Scaffolds
1. The Four Quadrants
To scaffold the modeling process (Fig. 1), we have in-
troduced a conceptual tool – the Four Quadrants. The
Four Quadrants provide a designated location for stu-
dents to record, to reference, and to update collectively
agreed upon information during the modeling process. In
a sense, the Four Quadrants form the basis of the model,
and we provide a designated white board to each group
for just this purpose. Using the Four Quadrants (Fig. 5),
• students identify the Facts, which are presented in
the problem statement;
• they determine what is Lacking from the informa-
tion they have or can obtain easily;
• they discuss and negotiate the Assumptions &
Approximations they are making; and
• they provide Representations of the problem,
which may include diagrams, graphs, or equations.
The Four Quadrants are displayed publicly so that each
member of a group can easily see and modify the agreed
upon information. Furthermore, this public display al-
lows a group’s tutor to “ping” the group to see where
they are in the solution process. That is, without need-
ing to disrupt the solution process, a tutor can get a well-
rounded idea of what the group is thinking and where the
group is heading. This is particularly useful as tutors are
working with multiple groups at any given time.
2. Minimal Working Programs
A number of problems in P3 require that motion be
modeled computationally and that students generate dy-
namic plots (e.g., Fig. 4). To keep up with the increas-
ing complexity of the problems, students must learn to
write short programs using VPython. However, less than
10% of students taking P3 have any significant prior
computational experience. We have extended the work
of Weatherford15 and Lunk,16 who introduced the con-
cept of ‘ ‘Minimal Working Programs” (MWPs) to scaf-
6fold student sense-making about computing, and to de-
velop a unique, group-oriented, inquiry-based instruc-
tional model for computation. This use of MWPs not
only encourages sense-making, but also helps to assuage
the anxiety many students have about engaging in com-
putation for the first time. In this way, we further scaffold
the (computational) modeling process.
In P3 , students are given no explicit instruction on
VPython. Rather, when solving computational prob-
lems, students are provided with a MWP that already
predicts the motion of some aspect of the problem (e.g.,
the motion of a hovercraft up to a certain point on a cliff,
as seen in Fig. 6). This experience is similar to receiving
“user-developed” code from a colleague and extending it
to a new situation – a common practice in science and
engineering labs. By engaging in discussion and nego-
tiation, students develop an understanding of what the
program is doing and how it is doing it. They then use
that understanding to modify/write additional program
statements to model the situation in question. As a result
of this instruction, students having no prior experience
with computational modeling are able to write essential
elements of the VPython code needed to model novel sit-
uations.
We further scaffold this process by providing students
with comments – the gray “hash-tagged” (#) statements
in Fig. 6 that are used consistently and repeatedly in
each computational modeling problem. This common
thread throughout MWPs helps to orient the students
across the different instances of computational motion
problems. Typically, the number of additional program
statements students will write is less than 10; they are
focused on the core aspects needed to model the system
(i.e., motion prediction and visualization).
For example, in the code appearing in Fig. 6, students
would write several additional lines of code to model
the falling hovercraft. This includes writing a second
while loop that stops once the vertical position of the
hovercraft coincides with the water, representing force
calculations for the air drag and gravitational force in
VPython code, and implementing the motion prediction
algorithm that performs the appropriate Euler step.
B. Content Scaffolds
1. Conceptual Homework
Much of the student experience in P3 is working
through complex problems that require discussion and
negotiation among group members to develop a complete
solution. To support student success when solving these
problems in class, we “prime the pump” with pre-class
readings/video lectures and homework. Each week, stu-
dents read online lecture notes, watch short video lec-
tures, and solve conceptual and reasoning-focused home-
work on-line, which are meant to scaffold students’ con-
ceptual understanding that they will bring to bear in
#Objects
hovercraft = sphere(pos=vector(-200,400,0), radius=1)
 
#Parameters and Initial Conditions
g = vector(0,-9.81,0)
 
hovercraftm = 1500
hovercraftv = vector(53.64,0,0)
hovercraftp = runawaycraftm*runawaycraftv
 
#Time and time step
t = 0
tf = 10
dt = 0.01
 
#MotionMap/Graph
hovercraftMotionMap = MotionMap(hovercraft, tf, 5)
 
#Calculation Loop
while hovercraft.pos.x < 0:
    Fgrav = hovercraftm*g
    Fground = -Fgrav
    Fnet = Fgrav + Fground
 
    hovercraftp = hovercraftp + Fnet*dt
    hovercraft.pos = hovercraft.pos + (hovercraftp/hovercraftm)*dt
 
    hovercraftMotionMap.update(t, hovercraftp/hovercraftm)
 
    t = t + dt
FIG. 6. Minimally working program that students are pro-
vided with for the hovercraft project.
class that week.
For example, for in-class computational problems,
the solutions can take different syntactical forms while
the underlying computational algorithm is identi-
cal. That is, VPython has a number of functions
that simplify the typing/reasoning that any group
of students must undertake. For example, as shown
in Fig. 7, when taking the magnitude of a vector
object.pos, two possible methods accomplish the
same goal: the “manual” way of explicitly squaring,
summing, and square rooting the vector components
sqrt(object.pos.x**2+obj.pos.y**2+obj.pos.z**2)
and the VPython short-cut way of mag(obj.pos). Given
the diverse computational background of students in
P3 , we highlight these differences/similarities in the
pre-homework to scaffold the discussion and solution
process.
After each pair of weekly class meetings, students com-
plete additional conceptual and reasoning-focused home-
work as well as more typical back-of-the-book style prob-
lems. These are designed to provide a wrap-up of the
week’s material and to encourage the students to take
full advantage of the opportunity to engage in group dis-
cussion and sense making in class.
2. Tutor Questions
With such open ended projects as shown in Sec. VI,
there are many possible solution paths that lead to simi-
7Students in your class are continuin to model the motion of Triton (one of
Neptune's 13 moons) around Neptune, but now using VPython.  The code 
your class has received contains the following snippet of VPython code.
Neptune = sphere(pos=vector(100,200,300), radius=1)
Trion = sphere(pos=vector(10,20,30), radius=2)
(a)  From this snippet, which of the following lines of code might your group 
write to describe the separation vector pointing from Neptun to Triton?
    rvec = Triton.pos - Neptune.pos
    rvec = Neptune.pos - Triton.pos
(b)  Several groups have written different lines of code to calculate the 
magnitude of the separation vector; some are correct and some are not.  
From your understanding of the line(s) of code below, which of them 
correctly represent the magnitude of the separation vector?
    rmag = mag(Neptune.pos) - mag(Triton.pos)
    rmag = mag(Triton.pos - Neptune.pos)
    rmag = sqrt((Triton.pos.x - Neptune.pos.x)**2
               +(Triton.pos.y - Neptune.pos.y)**2
               +(Triton.pos.z - Neptune.pos.z)**2)
    rmag = sqrt((Neptune.pos.x - Triton.pos.x)**2
               +(Neptune.pos.y - Triton.pos.y)**2
               +(Neptune.pos.z - Triton.pos.z)**2)
    rmag = mag(Neptune.pos - Triton.pos)
    rmag = mag(Triton.pos) - mag(Neptune.pos)
9.        Calculating a unit vector in VPython
FIG. 7. Computational pre-homework problem focusing on
the different ways to construct a unit vector in VPython.
larly correct solutions, and the tutors work to encourage
any solution path that utilizes the concepts and ideas be-
ing focused on for that week. In order to ensure a group’s
understanding of the content and nudge a group towards
productive solution pathways, we have introduced a com-
pilation of questions that help students confront common
misconceptions and test for basic understanding. As an
example, for the project show in Fig. 2, students are
asked questions like, “What assumptions did you make
about the motion of the hovercrafts?”, “How reasonable
are the values for the final speeds of the hovercrafts?”, and
“Can you group draw position and velocity vs time graphs
for each hovercraft? Where do the hovercrafts meet in
each graph?”
The generation of these tutor questions is a continuous
and iterative process. Initially, questions are generated
by consulting with the literature and by “testing” the
project with student volunteers. As the projects are de-
livered to students in-class, new solution paths inevitably
arise with unique lines of reasoning. From these new lines
of reasoning, we generate new tutor questions, which are
added to the compilation. We aim to compile a robust
set of tutor questions spanning many different solution
paths.
While these questions provide tutors with general ideas
about how to facilitate student work in their groups, a
number of the pre-class homework mentioned previously
requires an answer of the free-response type. Given that
these homeworks are delivered using an electronic web-
based system, answers may be collected easily and ana-
lyzed by tutors to highlight anything particularly difficult
for that week. These areas of difficulty may then be used
by the tutors as “just-in-time” style talking points dur-
ing class. In this way, the tutor is not only informed of
which topics to check for understanding on, but also on
which topics students may need a little extra attention.
VIII. ASSESSMENT
The final component of the P3 course is the design of
the assessment. P3 students are assessed through tradi-
tional means (i.e., through homework and exams includ-
ing some problems that address computational modeling
concepts) as well as through some non-traditional ap-
proaches (e.g., in-class assessment) that are aligned with
a focus on the development of practices (e.g., learning to
problem solve and communicate effectively in a group).
3. Traditional Assessments
Pre-class homework: The pre-class homework scaf-
folds student engagement with the physics concepts for a
given week as well as acting as an assessment method. By
using conceptual questions that can be answered by re-
viewing the notes or pre-class videos, pre-class homework
is meant to help develop students’ resources36 towards
engaging with specific physics material. This approach
focuses student attention on particular ideas (e.g., the
relationship between force and velocity) that will appear
in the projects that week and enables them to engage in
some critical discourse around those ideas in the class-
room. As indicated in Sec. VII, these questions can also
take the form of questions designed to scaffold engage-
ment with the computational projects by asking students
to interpret and use lines of code that will be similar to
lines of code they will see in the project that week.
Post-class homework: The purpose of the post-class
homework is to provide students with a wrap up of that
week’s material and assess how well the students can ap-
ply the concepts they have learned about in a particular
week. Typically, this homework focuses on one or two
specific topics that were addressed by the complex prob-
lems solved in class. However, the course is designed to
build off of each week’s material, so there are often call-
backs to concepts dealt with in previous weeks’ projects.
The homework questions consist of multiple choice, nu-
merical response, and graph-oriented questions. Both
the pre-class and post-class homework are delivered, an-
swered, and graded through an online homework system.
Individual Portion of the Continuous Assess-
ment and Final Exam: Exams in P3 have both in-
dividualized and group-based sections with each section
counting towards a student’s overall exam grade. The in-
dividual portion of the evening exams and the final exam
are traditional hour-long exam that emphasize on both
conceptual understanding (typically descriptive response
8questions) and numerical response type questions. These
questions tend to be fairly standard and derivative of the
post-class homework and conceptual questions that stu-
dents receive in class. The individual portion of the exam
can also include descriptive and numerical response com-
putational questions that are computationally-focused
(i.e., interpret a piece of python code and make predic-
tions). Because of the emphasis on interpretation, stu-
dents are given a sample code on paper, which is very
similar to the type of code that they have worked with
in class. An example of a computational exam problem
is included in the appendix. Due to the time constraints
of the exam, computational questions never require stu-
dents to make physical changes to a program. It would
be feasible to use one of the group exam problems (see
Sec. VIII 4) as an examination of students’ ability to in-
terpret and write code, but it was decided that this would
be place too much of an emphasis on computation in this
course. This individual portion of each exam makes up
75% of a student’s exam grade.
4. Non-Traditional, Practice-Based Assessments
Following the principle of constructive alignment, our
assessment is aligned with our learning outcomes. Sev-
eral of our learning goals emphasize the appropriation of
scientific practices. Hence, the design team incorporated
two practice-based assessments: group exams37 and for-
mative feedback38,39 based on in-class assessment.
Group exams: If all of the students’ contact time
is working in groups where they co-construct solutions
to complex problems and develop a shared understand-
ing of the concepts, it is imperative that part of their
assessment focuses on their ability to engage in such
practices.37 This emphasis communicates to the students
that course staff expect that they will improve in these
areas and that what students are doing in class will be as-
sessed. The group exams are the second part of the con-
tinuous assessment and final exam. They are open-ended,
hand graded exams completed by the groups using the
same resources available to them during class (i.e. they
can use a laptop or notes). Group exams follow the same
format as the problems experienced in class except that
the exam problems are simpler due to the time constraint
(i.e., 1 hour for group exams). The students produce a
solution in the form of a report that outlines the model
world that they have constructed as well as the approach
that they have taken to grapple with the presented sce-
nario. A group’s report is graded using a rubric that
emphasizes how well the students constructed the model
world, the predictions they made within the model world,
and how they would make changes to their model world
(based on these predictions) to make it more physically
realistic. In addition to a numerical score, students are
given feedback on their report. This feedback discusses
which aspects of the rubric that they did well on, which
aspects they did not pay sufficient attention to, and how
they might devote more attention to areas their solution
lacked in the future.
The provision of feedback is to attempt to establish
new expectations after each group exam. This negotia-
tion of new expectations is an acknowledgment that this
type of assessment is a new experience for the majority
of students taking the class. Therefore, our initial expec-
tations have to be set at an achievable level and then ad-
justed to allow for growth. For example, the expectations
for how students reflect on their model world are initially
small but then adjusted upward as the feedback com-
municates this new expectation and how a group might
achieve a better score. The low initial expectations stem
from our understanding that this type of metacognitive
reflection needs to be developed over time as well as that
the reflection comes at the end of the solution process.
This means that in the group exam, groups (especially
in their first group exam) may have not developed ad-
equate, effective practices in time management. Thus,
groups might not afford themselves enough time to en-
gage in such reflection in any meaningful way at the end
of the exam. A student’s score on a group exam com-
prises 25% of the total score on each exam.
Formative feedback based on in-class assess-
ment: The P3 learning environment is designed so that
the majority of the physics learning occurs while the stu-
dents work in small groups within the classroom. P3 stu-
dents rely on each other to develop their understanding of
course material including computational elements. Un-
der the principle of constructive alignment,12 a learning
activity should be designed so that there are clear, re-
lated learning outcomes for the activity and appropriate
assessment for giving feedback to the learner. To provide
this feedback and to motivate students to engage with the
in-class project activities, the design team constructed
the an assessment that would be based on in-class work.
Each week, we assess students on their group work and
provide them with feedback for improvement. In partic-
ular, we provide students with individualized feedback
based on the following three criteria:
• How well do you develop your own understanding
of the physics (Individual Understanding)? (e.g.,
how well prepared was the student for class?)
• How well does your group ensure all members de-
velop an understanding of the physics (Group Un-
derstanding)? (e.g., is the student openly express-
ing their ideas when they are confused for group
discussion? is the student tutoring other students
when incorrect/incomplete ideas are presented?)
• How well does your group manage itself in terms
of the discussion and use of ideas (Group Focus)?
(e.g., are everyone’s ideas being respected and dis-
cussed?)
Tutors provide the students with written feedback be-
fore the start of each new project. Fig. 8 is an example
of the type of feedback the students would receive during
a semester.
Instructor feedback is based on the previous weeks’
9Week 7 Feedback: Aoife
Again, your group did a great job working together. You
all worked through both problems well and had good
discussions about the physics in the problems where it
was clear that each person’s ideas were respected and
valued. This week it’s clear that you all listened to the
feedback as Sean, Niamh, and Cliona were all
contributing to the intellectual work in the problem most
of the time. You seemed to be included for most of the
work, but sometimes it seemed like they were working on
something and then catching you up. Maybe shake up
the seating order to put yourself in the middle so you can
contribute more; your questions help your group think
about problems in new ways. So next week we’d like to
see you try to insert yourself into the group work
throughout the week. Also, Aoife, we’d really like to see
you question different aspects of the work – you seem to
have a critical eye when something is fishy, but you don’t
often express it. But, y’all did a great job again!
Group Understanding (out of 100): 87.5
Group Focus (out of 100): 93.75
Individual Understanding (out of 100): 75
Weekly Group Work Score (out of 4): 88.5
FIG. 8. Sample feedback received by students in P3.
project performance and focuses on one type of partici-
pation that they excelled at and one type to work on in
the next project. The feedback provides students with
suggestions on how they might go about achieving that
improvement. They also discuss group functioning as
a whole to attempt to facilitate good group dynamics.
This feedback has been an essential part of our design.
It has communicated that we value the development of
group orientated practices (e.g. debating personal under-
standing) and has also acted as another scaffold that pro-
vides students with the support to begin to reflect on how
they are performing in their group. From the perspec-
tive of the computational modeling problems, this feed-
back has been critical to our success – ensuring that less
computationally-prepared students take charge of writing
the programs as well as promoting more computationally-
prepared students to tutor their classmates on different
aspects of computational modeling. This group struc-
ture ensures that students discuss and negotiate com-
putational modeling concepts while writing programs to
model authentic physical situations. As with the group
exams, the formative feedback is multi-modal; it provides
a scaffold for the development of multiple practices, ex-
plicitly communicates our expectations in regards the de-
velopment of practices, and assesses such development.
IX. LEARNING OUTCOMES
A. Conceptual Learning
To evaluate force and motion learning outcomes,
we used a traditional pre-post assessment method
that is typical of most curricular and pedagogical
evaluations.28,40 At MSU, it is traditional to take this
type of data for our introductory, calculus-based mechan-
ics courses via the Force Motion Conceptual Evaluation
(FMCE).41 The results of this pre/post testing are often
presented in the form of a normalized gain, which is the
average increase in students’ scores divided by the aver-
age increase that would have resulted if all students had
perfect scores on the post-instruction test. In traditional
lecture-based instruction at MSU, normalized gains on
the FMCE range from 0.10-0.35. For the most recent of-
ferings of P3 (N = 160), students (on average) earn nor-
malized gains of 0.60, which is comparable to other trans-
formed learning environments. For example, the Univer-
sity of Colorado Boulder (CU) have previously presented
a range of normalized gains for their various interactive
engagement introductory mechanics classes from 0.32 to
0.64.42 Both the CU and MSU data aligns with Hake’s
widely referenced plot,40 which although completed with
FCI data is still analogous to the normalized gains that
should be expected for a transformed interactive engage-
ment classroom. Therefore, the MSU P3 score meets
expectations for an interactive engagement classroom.
B. Attitudes and Beliefs
One of the fundamental building blocks of the P3 de-
sign is to engage students in practices that are authentic
to physicists (e.g., Sec. IV). A design goal relevant to
this course design principle is to facilitate a change in
the attitude of the students towards physics through en-
gagement with these authentic science practices. This is
not an explicit learning goal communicated to the stu-
dents and so could be considered part of the P3 “hidden
curriculum.”43 The Colorado Learning Attitudes about
Science Survey (CLASS)44 is an evaluation of students’
cognitive attitudes toward the nature of physics and the
practice of physics, which also indicates whether stu-
dents have grown to like or dislike physics. Like the
FMCE, the CLASS is a pre/post assessment in which
changes in students’ “attitudes and beliefs” from the be-
ginning of the semester are compared to those at the
end of the semester. The general outcome within the
physics community of these attitudinal surveys to date
has been a consistent negative shift in students’ attitudes
after taking an introductory physics courses with a few
exceptions.42,45 This negative shift is a consistent result
among all introductory lecture courses (regardless of in-
structor or level). However, students taking P3 display
on average a .05% positive shift. Although this shift is
relatively low, within the context of other transformed
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introductory classrooms, it is a result worth noting given
the negative shift normally experienced.
C. Students’ reflections on P3
Obtaining student buy-in is a crucial step to the suc-
cess of any transformed classroom.46 At the end of the
semester of the first two iterations of P3 we interviewed
students about various aspects of their experiences in tak-
ing the transformed class. These interviews attempted
to assess student buy-in, to develop improvements based
on the students’ thoughts about the class, and to ob-
serve self-development in the more practice and affective-
focused learning goals. The following paragraphs high-
light some of the common themes regarding student re-
flection on these learning goals.
1. Change in perception of utility of computers for doing
science
By including computation in the classroom (Sec. V),
we did not intend for students to learn a programming
language. Instead, we attempted to create a learning
environment in which students can interact with com-
putational models (in a scaffolded way) to learn physics
through computation as well as to encourage the students
to begin to see the utility of computational modeling in
their future work. The following extract from an inter-
view indicates the growth of the utility perception as a
result of the students’ interactions in the class.
Student: I could see benefits...I work in the analytical
sciences department, which we do a lot of sample
testing and work with people who do failure analy-
sis, and failure analysis would be great to do with
something like this (code) to see what happens over
time. I’m not sure how you would program that in,
but I’m sure that you can. I think that would be
very beneficial, in a presentation, of what changing
a product, what could happen to that product over
time.
Interviewer: And is this something you would have
thought of before you had this experience?
Student: Nope, I would have just thought, let’s experi-
ment on it and we can show a trend line...for me if
someone brought a presentation and they ran this
code and it showed me a visual representation of
what happened to that plate, I would take that more
to heart than just looking at a trend line on a graph.
From this extract, we can observe this student is be-
ginning to see computation as a tool that can be applied
in multiple contexts and not just to make predictions
about hovercrafts falling off cliffs. We are not saying that
all of the students interviewed exhibited such changes in
perception. Several of the students interviewed did not
understand why computation was being used in the class-
room nor what advantages it was affording them. In the
future, this will be addressed by making sure to not only
integrate computation into projects but by also commu-
nicating “why” it is part of the design of the classroom.
2. Affect and Motivational Influence of P3
The P3 learning environment is designed to encourage
students to think of themselves as part of a community of
learners who all have the same intended goal of learning
physics. The fact the students considered the classroom
as a community and the effects of being a member of
this community was evidenced in nearly all of the student
interviews conducted. The overall sentiment was that the
students enjoyed collaborating in their groups:
Student: I kind of like coming to class just because I
like my groups, and I like talking to them, and I
like working with them, so I think my idea about
physics has changed. I see it more in a positive
light.
And that the students began to see each other as re-
sources for learning in a community that will help each
other:
Student: With P3 we all had each other’s phone num-
bers, we could talk to each other, or Facebook or
email whatever, and so I could email the other per-
son and be like I don’t understand this can you ex-
plain?
Not only was it a community in which students viewed
each other as resources, but it was also a community
where no one was judged for not understanding a concept
or idea, and instead questions are encouraged:
Student: I can ask any question and not feel like an
idiot...I swear I asked like five times, and everyone
explained to me over and over again what it was
until I got it, like, I didn’t feel judged at all, it was
really nice.
But there are certain responsibilities and expectations
that come with membership within a community, which
has a common goal and engages in shared practices. For
example, the student in the next extract talks about the
stress associated with being prepared for P3 class ses-
sions:
Student: The stress of going into P3 , you have to be
prepared going in, and if your not, it’s almost as
if that stress made me want to learn more because
I wanted to be prepared and I wanted to be like a
badass in my group.
Of course, there is a certain amount of stress associ-
ated with any class that is taken, but this element of
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stress would be considered as a negative affective factor
when it comes to classroom design. But not all nega-
tive affective factors are bad for a student just as not all
positive affective factors are useful for a student. In this
particular case, the stress comes from a student not want-
ing to let their group down, which results in the positive
practice of more preparation so that they can contribute
to their group and learning community. Overall, the nar-
rative that these extracts indicate is that P3 develops as
a learning community, which was an important design
goal about students’ feeling that they are engaging in a
community of practice.
3. Improved Group Skills
Finally, we designed P3 to improve the ability of a
student to collaborate and problem solve effectively in a
group. All of the class time is focused on group learn-
ing (Sec. VI) and one of the purposes of the formative
feedback (Sec. VIII 4) is to help students improve their
capacity to work in a group. Two themes emerged from
the data in regards to the group aspect of the class de-
sign: (1) students saw the class as trying to improve their
ability to be effective in a group and (2) this emphasis on
developing group skills makes a lot of sense because the
students perceive that they will have to work effectively
in groups in the future. The first point is evidenced in
the following quote:
Student: I think because a main point of the class was
not just exposing you to the physics and getting you
good at the physics but also working in groups and
being good on a team.
The majority of students who have taken P3 to date
have been various engineering majors. Engineering like
science is a discipline that is built around projects that
are worked on as a team. The engineering students in
P3 particularly appreciated the emphasis that was being
placed on group work as they were aware of the substan-
tial role it will play in their future careers:
Student: This physics class is mainly for scientists and
engineers. And engineer[ing] is one hundred per-
cent working with someone else, you’re not going
to be an engineer and do something on your own,
your going to have to show it to somebody or ex-
plain it to somebody, so in this it’s good because
we have to explain what we are thinking to other
people.
To date, we have not developed a research instrument
to measure the development of a student’s ability to work
in a group, but students to seem to be receiving a mes-
sage from P3 that group work is important. Anecdotal
evidence based on the observations of multiple tutors as
well as the group exam reports, which students turn-in,
seem to indicate a positive progression in our students’
ability to work in groups.
X. SUSTAINABILITY AND ADAPTABILITY
OF THE P3 TRANSFORM
Integrating the opportunity for students to engage in
authentic practice is important for future scientists and
engineers to appropriate a grounding in practices that
are fundamental to “doing” science and engineering in a
professional capacity (e.g., “pathway practices”). It can
be argued that exposure to scientific practices occurs in
undergraduate laboratory experiences, but this hides the
fact that the appropriation of practices is not explicitly
supported and instead assumed due to the context. In-
tegrating computation into the introductory physics cur-
riculum is a foundational first bridge that allows access
to multiple scientific practices. Computational modeling
is an especially important practice for future scientists
and engineers to learn as conducting modern science and
engineering requires using computational tools. In this
paper, we have demonstrated one model for integrating
authentic practice into the introductory physics curricu-
lum that relies on the alignment between learning goals
(Sec. V), opportunity to engage in practices (Sec. VI),
learning scaffolds (Sec. VII), and assessment (Sec. VIII).
This model has been designed to allow for some affor-
dances for potential adopters and their students. For ex-
ample, P3 does not require faculty to provide any formal
computational instruction due to its group-based nature
nor does it overwhelm the students by asking too much
in regards to the appropriation of computational skills.
By focusing on providing the opportunity for students
to experience the utility of computation for themselves
and learning some basic computational skills instead of
developing fluency with a computational language, we
circumvent overloading the students with unobtainable
expectations and learning goals. We have also taken lo-
gistical steps to alleviate concerns about students’ poten-
tial struggles with computational modeling by placing a
student with some computational background in each of
the four-person groups at the beginning of the semester.
We also believe that another affordance is the variation
in the degree of adoption that is available for potential
adopters. By detailing the different scaffolds (Sec. VII)
and assessments (Sec. VIII) and how they relate to each
other, we aim to help adopters pick and choose elements
of the model that would be a good fit for their particular
context.
However, this model is not without its shortcomings.
To focus on all the practices mentioned above while also
assessing if students are engaging with them in a mean-
ingful way, there is a need for someone to assess what
the students are doing. The initial implementation of
P3 involved two faculty members, one post-doc, and a
graduate student. This allocation of staff is an unreal-
istic model for sustainability at almost any institution.
To make this model of instruction sustainable past the
initial funding, we have implemented a learning assistant
(LA) program.47 The personnel model that is sustain-
able for MSU going forward is a single faculty member, a
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graduate student, and ten undergraduate LAs for a one
hundred student section. The LAs are all drawn from
students who have come through the class. These LAs
go through training at the beginning of the semester,
but are already well equipped to give formative feedback
and to guide groups through problems as they have al-
ready experienced the course from the student perspec-
tive. By altering aspects of the course design and what
adopters choose to assess, fewer instructional staff would
be needed. An second shortcoming is by refocusing to
student-centric activities, there is a loss of content, which
is typical for such an introductory physics transforma-
tion. The content that was left out did not fit with the
narrative of the course with the focus on the main prin-
ciples (see Sec. V B). We deemed this an acceptable loss
due to the arguments presented in The Framework1 and
the high value that both faculty and students placed on
learning scientific practices.
The final component of any curriculum design is fur-
ther iteration to ensure sustained quality. However, for
this iteration to occur for the P3 environment, research
has to catch up and inform future decisions around key
elements of the design. For example, we need to under-
stand how structuring computational modeling instruc-
tion around providing an experience to change students’
perceptions of the utility of computers as opposed to
learning a particular computational language affect how
and what students are learning. Investigating the long-
term effects of formative feedback and how it influences
the appropriation of physics practices is also an open
question. As mentioned, there is no inventory to assess
the development of group skills or in essence any of the
other practices that are being focused on to make any
concrete claims about the effect of taking P3 . Future
work by our group and the physics education research
community, more broadly, should investigate these gaps
in knowledge to develop a more complete understanding
of how to integrate content and practice successfully.
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